T he endothelia of different vascular beds express specialized morphologies and functions appropriate to their location; the local biomechanical environment is an important component of this. A feature common to all endothelial cells in a variety of vascular locations is the ability to respond to local changes in blood flow, particularly acute and sustained changes of hemodynamic shear stresses that act at the luminal cell surface. [1] [2] [3] Of particular interest in mechanotransduction studies is the endothelium of the arterial side of the systemic circulation where many important vasoregulatory mechanisms are located. Arterial endothelium is generally subjected to the greatest magnitudes and variations in hemodynamic forces. Acute dilatation and constriction of arteries in response to changes of flow are controlled by the endothelium through regulatory nitrovasodilators, prostaglandins, lipoxygenases, hyperpolarizing factors, and related molecules. 4 -8 Chronic changes in flow characteristics stimulate structural remodeling of the artery wall through a process that is also endothelium-dependent. 9 Furthermore, most vascular pathologies originate and develop their morbidity in the arterial circulation where hemodynamics plays a critical role in the focal initiation and development of vascular dysfunction and atherosclerosis. 10, 11 Investigations of arterial hemodynamics are complicated by flow pulsatility, wall compliance, and the geometry of arterial branches, bifurcations and curvatures through which a high-pressure, high-flow, non-Newtonian fluid is propelled. Curves and branching geometries cause flow separations, rapid vortex formation-dissolution throughout the cardiac cycle, and complex spatial and temporal gradients operating over short distances. This leads to regional heterogeneity of endothelial exposure to flow forces within the same vascular bed 12 as well as between structurally diverse locations within the arterial tree, eg, elastic and muscular arteries, arterioles. 13 The key findings of several previous reviews of mechanotransduction mechanisms 3, 14, 15 are briefly restated; however, our intent in this review is to outline recent and ongoing work on vascular cell and subcellular microstimulation of cell structures of biomechanical importance.
Length Scales
In considering the mechanisms that regulate flow-mediated endothelial mechanotransduction, the nature of the stimuli must be carefully considered. The physical deformation of cellular elements initiates the biological responses, yet the mechanisms by which forces such as shear stresses at the luminal surface of endothelium are converted to specific cellular responses are unclear. Until fairly recently, the macro (or bulk) fluid dynamics was considered without reference to cell and subcellular length scales. In addition, studies of the role of the endothelium in arterial wall remodeling associated with basement membrane stretch have considered wall tension as a stimulus only at the length scale of vessel diameter or wall thickness. However, microstimulation of the cell monolayer observed by optical and scanning probe imaging techniques is revealing in living cells the spatial dynamics of structures directly involved in mechanotransduction.
Endothelial mechanotransduction ranges over a breadth of scales, from entire systemic and pulmonary circulatory systems, comparative vascular beds, regional differences in a single vascular bed, groups of cells within a region, discrete single cells, and spatially defined subcellular locations (Figure 1) . 16 The integration of microscale investigations into higher-order organizational levels is a major challenge. For example, large focal differences found from cell to cell may become less significant when averaged over several thousand cells in a particular region. In other cases, a few uniquely different endothelial phenotypes within a region may profoundly influence focal vascular physiology, eg, in the localization of atherosclerosis. 17, 18 In such cases, an understanding of the biomechanical microstimuli of just a few cells may be important.
Where Are the Hemodynamic Microstimuli?
Endothelial cells respond to shear stress by initiating a cascade of intracellular events that begins with the generation of second messengers, quickly followed by transcriptional, synthetic, and structural changes (see reviews 3, 19 ). The temporal relationships are complex, in part because the cellular structural geometry (eg, surface topography, cytoskeletal arrangement) can be quickly rearranged as a consequence of downstream signaling and this may lead to repetitive initial signaling through the same or different pathways. Furthermore, it is unclear what filtering capability the cell has for responding to changes in biomechanical forces; some selectivity would seem to be essential in a rapidly changing hemodynamic environment. Stimuli may also be "remembered," further complicating interpretation of the temporal hierarchy of responses. Nevertheless, an estimation can be obtained from the timed measurement of major responses 3, 19 and upstream and downstream relationships established within specific pathways. 15 For temporal information, the reader is referred to those publications.
Initiation of mechanosignaling has been measured within seconds of exposure to flow. Rapid responses include potassium channel activation, 20 intracellular calcium release, 21 G protein activation, 22, 23 and stimulation of protein kinases. 24, 25 Shearing forces may directly deform the cell surface to generate local biochemical responses arising from undefined sensor proteins 26 and/or deformation of the lipid bilayer. 27 A more extended model has been proposed that does not limit signal transduction exclusively to the luminal surface. In this decentralized model, 3, 19, 28 forces acting on the cell surface are also transmitted by the cytoskeleton to other intracellular locations where signaling can occur. Candidate sites where integral membrane proteins are connected to the cytoskeleton include focal adhesions, intercellular junctions, and the nuclear membrane 3 as well as specialized lipid microdomains such as cell surface caveolae. The model predicts mechanotransduction as an integrated response of multiple signaling networks that are spatially organized in the endothelial cell ( Figure 1, bottom panel) . Evidence in support of decentralized endothelial mechanotransduction includes the flowinduced remodeling of focal adhesion sites 29 and activation of proteins localized at adhesion sites 30 as well as a welldeveloped literature in cytoskeleton mechanics. 31, 32 Cytoskeleton-dependent transfer of forces across the endothelial cell surface via transmembrane proteins 31 and the demonstration of mechanical continuity between the cell plasma membrane and nuclear structures 33 are consistent with force transmission through cytoskeletal tensional networks. There is now considerable evidence not only for the reorganization of the cytoskeleton as cells adapt to shear stress 2, 34 but also for the rapid displacement and deformation of cytoskeletal filaments that suggest direct transmission of forces by the cytoskeleton in response to a change of flow 28, [35] [36] [37] [38] [39] [40] (and see below).
Endothelial cells exist in a state of tension associated with the maintenance of cell shape. Tension is generated through anchorage of the cytoskeleton at multiple locations throughout the cell, particularly at sites of connection to focal adhesions, 41, 42 nucleus, 43 and neighboring cells. 44, 45 When external forces are loaded onto the cell during flow, the internal cellular tension changes to equalize the external force. The structural deformation associated with shear stress-induced mechanotransduction in endothelial cells is induced by (1) local displacement of sensors at the cell surface, (2) transmission via cytoskeletal elements to distribute the force throughout the cell, which (3) concentrate the strain at other sites of cytoskeletal attachment. The physical effect is to deform or change the conformation of structural elements of the cell. Overall, the transmitted mechanical stress is converted to mechanotransduction responses at sites both local to, and remote from, the initial physical stimulus, most likely as a combined integrated cellular response. Thus, an important component of the decentralized model is that hemodynamic forces acting at the cell surface are distributed to other sites in the cell through microscale deformation/ displacement of surface elements and cytoskeletal filaments.
Microstimuli at the Luminal Endothelial Surface Cell Surface Topography
Hemodynamic forces act most directly on the cell surface. Cell geometry, particularly surface topography, influences the magnitude and localization of shear stresses and consequently affects the transmission of such forces across the plasma membrane and throughout the cell. Knowledge of the bulk flow characteristics in arteries provides a macroscopic profile of flow and the predicted shear stresses acting near the endothelial surface, but it is the detailed spatial characteristics at the fluid-cell interface that more precisely influence signaling. The microscale geometry of the cell surface is therefore important. The first theoretical estimates of magnitude and spatial characteristics of endothelial cells at a subcellular level were made by Satcher et al, 46 by modeling the endothelial monolayer as a wavy surface and using computational methods to estimate the influence of the waviness on local flow forces. The geometries of living endothelial cells in tissue culture were approximated by contour imaging using differential interference contrast microscopy 47 and by fluorescence exclusion combined with confocal microscopy. 48 However, the first high-resolution images of the continuous geometry of the luminal surface of living endothelial cells in real-time were made by atomic force microscopy (AFM). 49, 50 Significant differences of surface topography from cell to cell and over short distances within the same cell were revealed by AFM. Finite element analyses were then conducted to simulate flows over the endothelial surface geometries defined by AFM of living endothelial cells and thus determine the shear stress distribution. Flow near the cell surface can be considered quasisteady, meaning that for time-varying macroscopic shear rates, the flow at the surface could be determined as if it were steady flow at any instantaneous macro shear rate. 50
Cellular and Subcellular Shear Stress Distribution
Flow perturbations due to the undulating surface produced cell-scale variations of shear stress magnitude and consequently large subcellular shear stress gradients. The surface topography of cells aligned by flow was observed to change when compared with no-flow controls; there was significant streamlining of the endothelial monolayer when the cells aligned. This reorganization of the endothelial surface in response to prolonged exposure to steady flow resulted in significant reductions in the peak shear stresses and shear stress gradients compared with no-flow control cells. The studies demonstrated that there are microscopic departures from a flat boundary due to the presence of the endothelial cells that, in turn, create a localized perturbation of the macroscopic flow field. Topographical differences were noted from cell to cell that resulted in differential stress distributions associated with individual endothelial cells, 50 suggesting that different endothelial phenotypes may exist even within a small area, each determined by the interplay of hemodynamic microstimulation and surface geometry. 18, 51, 52 Since the flow perturbation due to the wavy surface propagates only a short distance into the bulk flow, the surface shear stress distribution is dictated by the prevailing macroscopic shear rate. However, from the perspective of the endothelial cell, the shear stress at the endothelial luminal surface will vary within the macroscopic flow field as a function of the microscopic surface geometry. Thus, small differences in cell topography within the monolayer result in substantial differences in average and peak shear stresses affecting neighboring cells. One cell may be well above a response threshold while a neighboring cell is unaffected by the same macro-scale flow. In aligned cells, there was an approximate 40% decrease in the average shear stress gradients compared with no-flow cells. 50 An analysis of the upstream/downstream symmetry of the cell surface in vitro revealed no preferential gradient. Simulations of flow in the "reverse" direction revealed little differences in the distribution of shear stress magnitude, which was approximately proportional to cell height. Cells were often asymmetrical with regard to the upstream and downstream slopes, but without bias in the flow direction after preexposure to flow; however, the shear stress gradient was always concentrated on the leading (upstream) slope. Butler et al 53 have addressed one aspect of this issue functionally by measuring the plasma membrane fluidity of endothelial cells in relation to the flow direction by using a fluorescent lipophilic probe. A strip of membrane on the upstream or downstream slopes of the cell was photobleached, and fluorescence recovery was then measured to determine the diffusion coefficient of the fluorophore. Transient (Ͻ10 seconds) upstream increases and downstream decreases of fluidity were reported followed by a secondary increase that was limited to the upstream membrane and that peaked at 7 minutes. Values returned to baseline when flow was stopped. These data demonstrate both temporal and spatial variations in shear-induced membrane lipid fluidity. The studies also support the importance of the cell surface topography to the magnitude of fluidity changes. Barbee et al 50 computed symmetrical shear stresses on the upstream and downstream portions of the cell but noted the concentration of gradients of shear stress onto the upstream face. It has been proposed that membrane fluidity is altered when the front face of the cell is unequally stretched. 53 The greater displacement of cytoskeletal filaments near the top of the cell than the base 36 in flow is also consistent with this. The evidence cited above demonstrates that the detailed cell surface topography is a critical contributor to the stress response and, together with the resulting spatially defined microstimuli, must be considered together with the macro hemodynamics when evaluating the fluid-tissue interface. These in vitro measurements and conclusions are also likely to be valid in vivo; AFM images of endothelial cells in situ at the artery wall showed a morphology and geometry very similar to that of cultured cells. 19 
Surface Deformation Involves More Than the Plasma Membrane
One of the most striking consequences of endothelial realignment by flow is increased rigidity of the cell surface as measured by decreased membrane deformability on micropipette aspiration of the cell surface after exposure to shear stress. 54, 55 This arises less from the fluidity of the plasma membrane itself than from the cortical cytoskeleton lying immediately beneath it and to which it is attached via membrane proteins. By AFM, longitudinal ridges apparently caused by the presence of cytoskeletal structures underlying the plasma membrane were revealed by the force of the AFM stylus. 50 Further experiments using lower spring-constant cantilevers (thus reducing the imaging forces) showed these features to be proportional to the stylus force applied. However, such features were largely absent in nonaligned endothelial cells, and it can be concluded that bundles of cytoskeletal filaments form realigned arrays just below the luminal plasma membrane after exposure to flow, 49 resulting in decreased deformability of the surface region. Also contributing to cell surface rigidity are ankyrin-like and spectrinlike proteins that serve as anchors at the cell membrane for other cytoskeletal proteins. It is not known if these rearrange in response to flow forces, although they do so in response to direct micropipette aspiration in other cells. 56 The physical continuity of the cell surface and cytoskeleton is an important subcellular component of decentralized force transmission that leads to the redistribution of intracellular tension when the exogenous forces change (see below).
Amplification of Mechanical Stimuli by Leukocyte Adhesion
An intriguing aspect of the endothelial microhemodynamic interface that is directly relevant to vascular pathophysiology is the recruitment of leukocytes from the blood. In the larger arteries, monocyte adhesion, spreading, and migration across the endothelium occur early in atherogenesis where intimal monocyte-derived macrophages are one of the most prominent characteristics of lesion development. 10 Monocyte adhesion and transmigration occur at sites of complex hemodynamics where there are steep cyclical gradients of macroscopic and microscopic shear stress. 57 In recent work, the adherent monocyte-endothelial topography was imaged by AFM, and perturbations of the localized shear stress distribution on the endothelium were estimated after finite element modeling and simulated flow computations (J.Z., P.F.D., unpublished data, 2002). As shown in Figure 2 , the presence of an adherent monocytic cell creates a hot spot of increased shear stress at the surface of the monocyte. Whereas the peak shear stress levels over the endothelium surrounding the adhesion event were similar to those in control monolayers (no monocytes), the peak shear stresses increased by an average of 50% to 60% at the surface of adherent monocytes. As the monocytes spread, the differential declined. In addition to estimating forces on the monocyte itself, the studies show that there is a transient period of greatly increased hemodynamic strain acting focally on the endothelium to which monocytes attach; this may also be transmitted to adjacent endothelial cells creating a local zone of altered vascular mechanics during the period of leukocyte attachment and extravasation. The degree to which such transient changes influence, or are influenced by, the contemporaneous chemical signaling between leukocyte and endothelium is unknown.
Four-Dimensional Cytoskeletal Motion in Living Cells Under External Fluid Mechanical Forces

GFP-Intermediate Filament Imaging
By using conventional antibody staining in fixed, permeabilized cells, cytoskeleton remodeling has been observed after exposure to shear stress. 35 After transfection of confluent endothelial cells in vitro, maximum-intensity volume projections were constructed from stacks of deconvolved optical sections acquired at 0.1-to 0.5-m intervals (Figure 3 ). The images were consistent with immunocytochemically defined IF distribution in endothelium and other mammalian cells. 61 A prominent perinuclear ring was visible, with IFs extending above and below the nucleus. A mesh network of IFs radiated throughout the cytoplasm from the perinuclear ring, and thick circumferential IF bundles were sometimes present near the cell edge or reaching into regions containing lamellipodia. The GFP-vimentin images colocalized with a monoclonal antibody directed against vimentin, indicating that GFPvimentin was incorporated into the preexisting endogenous vimentin network.
Subcellular Microstimuli: Heterogeneous Spatial Displacement of Filaments by Shear Stress
Images from the beginning and end of timed intervals were false-colored red and green, respectively, so that yellow represented no change in GFP-vimentin position in merged color images, and green and red identified filament displacement. Time-lapse images of deconvolved optical sections revealed the dynamics of the filaments even in the absence of externally imposed forces ( Figure 4A ). This constitutive "wiggling" motion did not change the number of filaments nor their inter-IF connections and appeared to be random fluctuations. However, in response to a step change of flow in which the monolayer was subjected to a shear stress of 13 dyn/cm 2 , significant directional IF displacements of up to 1 m occurred ( Figure 4B ) during the earliest image acquisition times after flow stimulation (90 seconds). The displacements were not attributable to cell migration or change in the position of each cell within the confluent monolayer. The spatial distribution of the responses was heterogeneous; filaments nearer the top of the cell were more greatly displaced than those near the basal surface 36 but throughout each optical plane, irrespective of the height of the plane in the cell, displacement was heterogeneous. These data demonstrate that significant initial displacement of IFs occurs in response to shear stress and that the distribution of flowinduced IF movement is heterogeneous within the cell, reflecting inhomogeneity of the mechanical responses of the cytoskeleton to externally loaded stresses. Subcellular differences in the responses of IFs to shear suggest that IF dynamics plays a role in the cytoskeletal coordination of multiple signaling networks. It has been proposed that shear stresses are transmitted over the cell surface to junctions and basal adhesion sites, largely bypassing the cytoskeleton. 62 Although such a mechanism undoubtedly contributes to force redistribution, our studies support a broader interpretation of force transmission through transcellular cytoskeletal dis- placement and consistent with mechanotransduction activated through the complex, organelle-rich body of the cell rather than the cell periphery alone. It is also increasingly clear from our studies and those of others that exogenous force transmission via filamentous elements linked to membrane surfaces and organelles provide exquisite sensitivity to allow appropriate cellular responses and that treating the cell as a solid body or gel-filled membrane is inappropriate.
Quantitation of Cytoskeletal Displacement in Living Cells
Quantitation of the displacement of filaments revealed important spatial insights into subcellular force transmission and its distribution. A displacement index (DI) was computed based on the spatial product moment cross correlation between 2 images to measure the degree of overlap or separation between red and green images. 36 DI revealed both spatial and temporal patterns of flow-induced IF displacement. During no-flow intervals, small values of DI were computed in most spatial regions of cells ("wiggling"). However, DI was significantly increased in regions of the cell during the 90-second interval after the onset of shear stress ( Figure 5 ). After the initial period of exposure to shear stress, DI was decreased and reached a new steady-state average rate of displacement, demonstrating that displacement of IF position was increased coincident with and after the onset of flow. On average, DI increased with height in the cell and in spatial regions downstream from the nucleus; however, DI was unchanged in subregions below the nucleus. Larger IF displacement may be expected near the luminal surface where shear forces act directly, and smaller displacement below the nucleus may represent relative structural stability in this area of the cell. Increased IF displacement with distance along the flow axis reveals a dependence on filament connections throughout the cytoplasm, suggesting that cytoskeletal network morphology plays a role in transmitting force through the cell away from the upstream luminal surface. It is important to note that heterogeneous spatial distribution of DI at all heights in the cell demonstrates that cellular deformation is not simple shear but a more complex displacement pattern that depends on mechanical interactions among cytoskeletal elements.
Computation of Intracellular Strain From Cytoskeletal Displacement
The coordinated displacement of a group of interconnected IFs can occur as a local displacement without mechanical strain of the cytoskeletal network, for example, the positional movement of a group of interconnected IFs (translation). To separate translation and deformation, a method was developed to compute the intracellular strain field by detecting the relative deformation of locally connected IFs from images of optical sections that were skeletonized to represent in 2 dimensions the positions of IFs. 37 Coordinates of vertices, or connection points, among three or more IF segments were extracted at each time point, and a particle-tracking algorithm determined the path of each vertex as a function of time. Thus, the projected displacement field could be computed using image features extracted directly from the cytoskeleton morphology. The smallest possible set of triangles connecting all vertices tracked in the data set was computed, and the strain tensor was solved to describe the average strain field in the spatial regions among every set of 3 vertices. A strain map for an optical plane through the basal region of an endothelial cell is shown in Figure 6 . Strain was heterogeneous with small regions of high-stretch concentrations located at the cell periphery and at several locations in the cell interior. The former corresponds to the border with adjacent (untransfected, unmapped) cells in the confluent monolayer, whereas the latter may represent adhesion sites. Spatially localized peaks in IF strain were repositioned after the onset of shear stress. This approach also computed not only the magnitudes but also the directions of principal strain at each spatial location. We noted that stretch orientation was often changed from parallel to perpendicular by the imposition of flow, an effect that was most notable at the upstream boundary of the cell. These studies are the first high-resolution strain maps to be constructed using an endogenous reporter molecule, GFPvimentin, in living cells. This redistribution of flow-induced strain indicated by the intermediate-filament cytoskeleton is consistent with the displacement of microtubules, microfilaments, and associated structures such as mitochondria that has been measured previously in response to force application at the cell surface. 40 The measurements indicate that extracellular forces are transmitted by the cytoskeleton throughout the cytoplasm to sites such as cell junctions and adhesion sites where mechanochemical signals have been detected. 45, 42 
Microstimuli Initiate Molecular Mechanisms of Mechanotransduction
Although the exact mechanisms of mechanotransduction remain unclear, there is evidence for multiple molecular interactions. As discussed above, fluid forces act directly on cell surface transmembrane proteins, the lipid bilayer itself, the cytoskeleton, and, through the cytoskeleton, to connected proteins at multiple locations throughout the cell. The plasma membrane contains structures that are capable of both transmitting force to the cytoskeleton and transducing force into biochemical signals. Signal transduction may be localized to membrane regions such as caveolae that are both rich in signaling molecules and exhibit structure that is capable of transmitting tension. 63 Spatial localization of signaling molecules that associate with actin stress fibers also implicates caveolae in directly transmitting force to the cytoskeleton, 64 although the structural and signaling links between caveolae and the cytoskeleton are poorly understood. At the endothelial cell luminal surface membrane, domains composed of ␣ 5 ␤ 1 integrin, vinculin, talin, and paxillin are structurally linked to the cytoskeleton 65 analogous to focal adhesion sites. Shear stress may deform or otherwise stimulate these complexes in a manner similar to that described for basal adhesion signaling. 41 The biophysical properties of the endothelial surface glycocalyx, a layer enriched with glycoproteins, are poorly understood in relation to mechanosignaling. Branching carbohydrate structures extend into the fluid layer at the luminal surface and may be deformed by flow, possibly resulting in conformational changes in the protein core. This in turn may modulate the ability of transmembrane proteins or ion channels to sense the fluid mechanical environment. The physical properties of the plasma membrane itself may be altered by shear stress, perhaps through membrane fluidity changes, 53 leading to activation of adjacent G proteins within seconds. 27 The direct transmission of extracellular forces to the submembranous cytoskeleton is strongly suggested by experiments that bound small microspheres coated with ligands to integrin receptors of the cell surface. 31 Resistance to optical 66 or magnetic 31 forces applied to the beads demonstrated direct connection to an intracellular mechanical structure, most likely the cortical cytoskeleton and its connecting cytoplasmic cytoskeletal network. The cytoskeleton quickly remodels to reinforce the strength of attachment 66 through a mechanism that involves activation of signaling molecules such as the tyrosine kinase src. 67 Such investigations highlight the close relationship that exists between locally applied shear stress and the detailed geometry of the endothelial luminal surface. Physical connections to the surface via integrins and scaffolding proteins 65 transmit the deformation to microtubules and microfilaments almost simultaneously, 39 and cross-linking to IFs 68 also implicates network force transmission. Although IFs in endothelial cells are mechanically connected to intercellular junctions by desmoplakin, 69 it is not yet clear whether they interact directly with protein scaffolds at the luminal cell surface or indirectly through crosslinks to other cytoskeletal structures. Although it appears reasonable to conclude that locations of greatest shear stress concentration at the cell surface will correspondingly influence the 2-dimensional and 3-dimensional subcellular distribution of cytoskeletal strain, the complex and dynamic interconnections of microfilaments, IFs, and microtubules represent a formidable quantitative challenge for detailed analyses. It will be illuminating to extend the imaging of deformation to multiple cytoskeletal components in living cells and map the resulting strain as described above for IFs. The roles of accessory or regulatory proteins and organelles, currently poorly defined, will need to be better understood.
There are many interactions between the 3 principal cytoskeleton networks that influence intracellular force transmission. These include the interaction of vimentin with F-actin and phospholipids to regulate polymerization, 70 vimentin transport to sites of IF network formation that requires intact microtubule tracks dependent on the motor protein kinesin, 71 and IF cross-linking to microfilaments and microtubules by plectin 68 and nestin 72 in stable structures. Multiple signaling networks involving small GTPases can regulate this balance of cytoskeletal interactions, emphasizing the relationship between force transmission and cytoplasmic biochemical pathways. Shear stress-induced redistribution of IFs near the basal side of the cell affects the dynamics of focal adhesion sites. 73 Because the perinuclear ring of vimentin IFs may be directly or indirectly linked to the nuclear lamina, 33 force redistribution under flow may also affect the karyoskeleton, consistent with other mechanical perturbations. Through interactions between nuclear IF proteins, the nuclear lamins, DNA, and histones, 70, 71, 74 changes in gene expression may be directly mediated by flow.
These molecular interactions proposed for force transmission and transduction suggest that flow induces biochemical signal initiation at discrete sites in the cell in response to an altered intracellular force distribution. The overall cellular response is integrated, as suggested by the decentralized mechanotransduction hypothesis, but the key molecular events that transduce mechanical force into a biochemical reaction remain unknown. To emphasize the integrated nature of mechanotransduction, Ingber, 42 while outlining the subcellular architecture that constitutes an appropriate response, has succinctly noted that "the whole cell is the mechanosensor" (page 882). However, it behooves us to define the many sets of molecules that contribute to mechanotransduction and to obtain a detailed understanding of their regulation in physiological and pathological states.
Microstimulation of Adhesion Sites
Using tandem scanning confocal microscopy, a xenonwavelength confocal version of interference reflection microscopy, we imaged the endothelial basal cell surface involvement in adhesion in living confluent endothelial cells. 75 Time-lapse image subtraction revealed the dynamic nature of the adhesion sites, their locations relative to each other, and permitted measurement of the area of membrane associated with close and focal adhesion sites. Cell adhesion was also estimated by integration of the distance between the cell surface and the substrate with the area of contact. Significant rearrangements of attachment areas during periods of several minutes were recorded. 76 Adhesion site remodeling was random in control no-flow cells. In contrast, in confluent endothelial cells subjected to 10 dyn/cm 2 , focal adhesions showed directional remodeling during a similar interval. Thus, these abluminal membrane regions are mechanically responsive to luminal shear stress. Over extended periods of flow, separate adhesion sites frequently joined together and became aligned with the flow. However, although there were fewer sites, they were larger in area, an observation recently also noted in migrating cells. 77 The total area of membrane contact remained relatively constant, and when membrane-substrate distance was factored in, a nominal measure of cell adhesion in real time indicated little change in adhesion, despite substantial cellular remodeling over periods as long as 24 hours. When we substituted collagen for vitronectin as the substrate, the rate of remodeling of focal adhesions decreased by half. These results probably reflect the fundamental importance of cell adhesion (and membrane integrin-adhesion protein interactions) in the context of normal differentiation and survival 42 or the epigenetic regulation of migration, proliferation, and apoptosis in transformed cells. 78 The unexpected shear stress responsiveness of a subpopulation of adhesion sites in confluent endothelium demonstrates that the topography of the abluminal surface may be of equal importance as that of the luminal endothelium. The adhesion sites are not only foci of resistance to the torsional forces that shear stress imposes on the cell body but also, as shown above, are sites of strain concentration resulting from the transcellular transmission of forces by the cytoskeleton. Biochemical evidence of adhesion site-specific responses to flow have been reported by several groups and includes phosphorylation of focal adhesion kinase, 79 paxillin dephosphorylation/rephosphorylation, 19 and movement of kinases such as PYK-2 from the cytosol to the adhesions. 80 Paxillin phosphorylation and integrin clustering occur within minutes after onset of shear stress, and focal adhesion-associated molecules serve as a scaffold for recruitment of signaling molecules such as Grb2 and Shc, 81 which play a role in activating mitogen-activated protein kinase signaling. 82 
Microstimuli at Cell-Cell Junctions and Associated Proteins
Several molecular interactions suggest a role for intercellular junctions in mediating mechanotransduction. Adherens junctions, composed of VE-cadherin, ␣-catenin and ␤-catenin, and plakoglobin, adapt their structure concurrently with the actin cytoskeleton. As actin-dense peripheral bands dissociate during the first several hours after onset of unidirectional steady laminar shear stress, the distributions of VE-cadherin, ␣-catenin, and ␤-catenin change from continuous structures along cell edges to punctate complexes that are located only in areas of contact between adjacent cells. With continued exposure to shear stress, junctional complexes elongate into small dashes and associate with the ends of F-actin stress fibers as they assemble. 83 In some endothelial cell types, vimentin IFs are also inserted into adherens junctions through association with desmoplakin, 69 a molecule that associates with plakoglobin in epithelial junctions. Because IFs maintain their network structure and are displaced by similar direction and magnitude in adjacent cells after onset of shear stress, 35, 36 this cytoskeletal component probably plays a role in the structural integrity of the monolayer by maintaining the associations among VE-cadherin, ␣-catenin, and ␤-catenin as F-actin dissociates and reassembles in response to the extracellular force. Temporary translocation of plakoglobin away from the junctions to the nucleus during adaptation to shear stress may serve to regulate gene expression by interacting with TCF-type transcription factors. 83 Interestingly, ␤-catenin also signals to these factors downstream of Wnt-1 activation in cardiomyocytes. 84 In these cells, ␤-catenin is the effector molecule for Wnt-mediated regulation of connexin43 expression, thereby modulating cell-cell communication via gap junctions. Both connexin43 and cadherins are associated with the Triton-insoluble cytoskeletal cell fractions, 85 and shear stress induces redistribution of connexin43 that affects cellcell communication. 86 Fujiwara and colleagues 45 have proposed that PECAM-1, a cell adhesion molecule localized to the interendothelial adhesion site at the cell periphery in confluent endothelium, may play a role in endothelial mechanosensing. PECAM-1 is rapidly phosphorylated by mechanical forces, including hyperosmotic stretch and flow-induced shear stress. When magnetic beads coated with antibodies directed against the extracellular domain of PECAM-1 were placed at the endothelial surface, PECAM accumulated at the bead interface. An attractive magnetic field exerted a pull on the molecule for a 10-minute period, after which the isolated PECAM was found to be phosphorylated. Neither binding alone nor irrelevant control antibodies resulted in PECAM phosphorylation. Coincident with PECAM phosphorylation was phosphorylation of the extracellular signal-regulated kinase (ERK), a result that was dependent on SHP-2 binding to phospho-PECAM and SHP-2 phosphatase activity. 45 SHP-2 was also observed to transfer to the interendothelial junction upon flow exposure.
These findings suggest that shear stress transmitted from the luminal surface to cell-cell junctions via the cytoskeleton may regulate a complex molecular signaling network that modulates endothelial barrier permeability and intercellular communication.
Flow-Mediated Chemical Signaling
The microspatial relationships discussed throughout this review are most relevant to shear stress forces that result in displacement of specific localized membrane sensors and/or multiple connected components extending throughout the cell. However, labile chemicals at the cell surface may also activate endothelial flow responses independently of physical displacement of the cell. 3, 87, 88 Thus, when high local concentrations of labile agonists are released close to the endothelial surface, increased flow improves convective delivery to endothelial receptors in an autocrine loop, whereas decreased flow slows convection. The endothelium possesses modifying (activating and degradative) ectoenzymes for important blood-borne agents such as bradykinin, adenonucleotides, angiotensin, and proproteins. When the removal rate at the endothelial surface exceeds convective and diffusive delivery rates from the bulk fluid, a steep concentration gradient exists between the fluid and the cell surface and this in turn is influenced by the flow characteristics. Flow-mediated chemical responses and shear stress displacement responses can be separated experimentally, although it is unlikely they actually occur independently of each other. When shear stress was greatly increased by changing the fluid viscosity, with only small changes in mass transport, flow-mediated relaxation of intact arteries was enhanced indicating that shear stress was the principal effector. 89 Ando et al 90 have also provided evidence for a direct mechanism of force transduction in evoking [Ca 2ϩ ] i responses that is additional to the effects of flow on mass transport. Thus, the potency of the local chemical environment should be considered whenever possible, and the spatial relationships within chemical gradients near the cell surface can become a complex factor in flow-mediated cellular responses. Such measurements are difficult to obtain. It is likely that both physical displacement of the cell and local chemical concentrations interact to evoke a mechanochemical transduction response.
Future Directions
The endothelium is a multifunctional effector of vessel wall biology, and a sensitive responder to the local mechanical environment, roles that are closely intertwined and of great physiological and pathological importance. A decentralized model of endothelial mechanotransduction readily accommodates a variety of mechanisms including stress sensors at the luminal endothelial surface, force transmission throughout the cell via the cytoskeleton to create hot spots of strain, and sensors of tension change at basal, junctional, and nuclear sites. The interface between fluid forces and the cell, however, remains the endothelial luminal cell surface, the geometry of which influences the magnitude and distribution of mechanical force transmission. Therefore, variations in endothelial surface topography from region to region and cell to cell, and the dynamics of these microstimulatory changes, remain important determinants of flow responses in the endothelial monolayer. Modern optical techniques are revealing the astonishing temporal changes of membranes, organelles, and tagged molecules that occur both constitutively and after cell stimulation. These will provide unpredicted insights into the dynamics of both cell structures and metabolic function associated with biomechanical responses.
Continuing advances in understanding the material properties of intermediate filaments, microfilaments, and microtubules is essential for accurate intracellular force mapping. Furthermore, interactions between IFs and other cytoskeletal elements, including cross-linking proteins such as plectin, will play a role in determining the dynamic response to shear stress. Measurements at the functional level in vimentin-null mice have revealed impaired wound healing 91 and loss of flow-induced arterial remodeling. 92 These observations of compromised vascular tissue function implicate IFs in the maintenance of contractility and mechanical integrity at the cellular level. 93 However, the contribution of IFs to mechanisms regulating cell mechanics and initiation of mechanotransduction has only recently been investigated. 28, [35] [36] [37] [38] [39] [40] Recent genomics investigations of the links between hemodynamic macrostimuli and cultured endothelial cells have revealed the identities of novel shear stress-responsive genes 94, 95 and proteins. RNA amplification techniques now permit small numbers of cells to be transcriptionally profiled with reliable fidelity, 96 and fingerprints of gene expression at the level of single cells 18 may soon be routine, an approach that permits spatial (and thus hemodynamic) precision of gene expression. 16 Considerable insights will be gained by the convergence, in a single cell, of mechanotransduction imaging and the expression levels of many genes (and eventually proteins). 16 Once subsets of genes/proteins activated or suppressed in mechanotransduction are identified, it should be possible to take such an analysis to the subcellular level of protein localization and dynamics in living cells.
New techniques for the 3-dimensional visualization of organelles and molecular complexes at high resolution in living or flash-frozen cells are emerging into the mainstream and will soon become more widely available. A recent example is the development of cryoelectron tomography that enables 3-dimensional projections to be made of volumes extending 300 to 600 nm into the cell. 97 Two-dimensional 60-nm-thick slices displayed as tomograms can be projected as volume images to reveal 3-dimensional structures. Although a noninvasive technique, the cells must be quickly frozen before imaging, limiting its usefulness for studies of cellular dynamics associated with biomechanical stimuli. Nevertheless, this and other approaches to near-field imaging will provide unique insights into the structural elements that are central to many aspects of cellular biomechanics.
The availability of fluorescent cytoskeleton fusion proteins to visualize filament location in living cells is a powerful tool for spatiotemporal studies of intracellular mechanics. GFPactin, GFP-tubulin, and GFP-vimentin are readily available and, together with increasingly sophisticated optical systems and advances in fluorescence resonance energy transfer (FRET) and associated techniques, are leading to ever more detailed studies of the cytoskeleton and its relationships to other cellular components. Although quantitative spatial studies of filament movement can be readily performed, as illustrated here, interpretation of the biological significance is limited by the lack of detailed knowledge of the material properties of the filaments themselves. This is attributable in part to the complex organization of filamentous bundles and the dynamic reorganization that some components undergo over short intervals. Perhaps more difficult to determine, however, are the properties of critical linking molecules between the cytoskeleton and its anchoring points near cell membranes. From an engineering perspective, little is known about these molecules. Furthermore, the interplay between different cytoskeletal elements that connect at nodal locations through such linkers is an added complication. As some of these gaps in knowledge are filled, an accurate mechanochemical model of the cell that reflects its complexity will become clearer.
